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CHAPTER I
INTRODUCTION

In recent years, ornamental grasses have become increasingly popular for use in
the landscape (Cameron, 2004). These plants provide aesthetic effects other annual and
perennial plants are unable to offer. Grasses display a wide genetic diversity which has
allowed for their adaptation to a broad range of environments (Greenlee, 1992). Due to
their diverse nature, grasses are ideal for ornamental use due to their changing color,
variable form, and low maintenance (Holmes, 1997).
As a result of the increased interest in ornamental grasses, the market for these
species has expanded (USDA 2004; 2007). In order to accommodate the demands of the
rapidly expanding market, nursery production of grass species has intensified. Although
production has been increased, limited research has been conducted to improve the
production efficiency of these plants (Cameron, 2004). Many of the more important
grasses are quite large in size and, when produced in containers, do not produce a
desirable form (Cameron, 2004). One of the major production issues nursery producers
face is the rapid growth of ornamental grasses in the liner and finishing stages. During
production, grasses tend to outgrow the container leading to an unnatural appearance.
Large grasses are also heavy water and nutrient consumers during production.
Maintaining the growth of grasses during nursery production using plant growth
regulators (PGRs) could potentially increase production efficiency. A method to control
1

the vertical growth of plants is by regulating gibberellins which are mainly responsible
for cell elongation (Rademacher, 2000). Trinexapac-ethyl (TE) is one of the PGRs
affecting gibberellins and has been shown to be effective in reducing height in turfgrass
species (Ervin et al., 2002). However, limited research has been conducted on the
effectiveness of TE on ornamental grass species. Due to the effectiveness of TE on
reducing vertical growth in turfgrasses, research was initiated to quantify the effects of
TE on ornamental grasses. The objectives of this study were to:


Evaluate the effects of trinexapac-ethyl on the height, chlorophyll content, and
tillering of three selected cultivars of three ornamental grass species.



Determine the influence of trinexapac-ethyl on flowering, color, and root
development of these grasses.

2
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CHAPTER II
LITERATURE REVIEW
Overview of ornamental grasses and industry
Ornamental grass market
The American landscape has drastically changed over the past few decades
(Greenlee, 1992). One of the most significant changes has been the transition of the
gardener mindset from grasses as nuisance plants to them being embraced for use in the
landscape (Armitage, 1997). In 2003 the National Agricultural Statistics Survey (NASS)
reported the annual sales to be $61 million for the ornamental grass market, but by 2006
this market experienced a rapid expansion to $117 million (3 percent of total nursery
sales) (USDA, 2004; 2007). The sales of ornamental grasses over the three-year period
almost doubled revealing the rapidly expanding market for these plants. Ornamental
grass sales have expanded due in part to the revolution of natural landscapes that use
many native grass species. Most grass species require low maintenance and are variable
in size, form, and color which has further supported the expansion of the ornamental
grass market (Armitage, 1997).
Ornamental grass description and horticultural significance
The grass family, Poaceae, is comprised of 700 genera and over 10,000 species
including numerous varieties and cultivars (Loewer, 2003). Grass species are
monocotyledonous plants that disperse mainly by seed but also produce stolons and
4

rhizomes that aid in their dispersal (Loewer, 2003). Grasses are grouped by their life
cycle into three major groups which include annuals (one year life cycle), biennials (two
year life cycle), and perennials (greater than two year life cycle). Grass species are also
classified by their active growth period: warm season or cool season (Greenlee, 1992). A
warm season grass performs best with temperatures ranging from 27°C to 35°C and
resumes growth in the spring until the onset of dormancy in the fall. Cool season species
perform best at temperatures between 15.5°C and 24°C with their growth period
beginning in the fall and extending into the spring (Greenlee, 1992). Grass species have
been cultivated throughout history due to their nutritional value and for other resources.
As a result, the grass family has been termed the most important plant family present on
earth (Loewer, 2003). In addition to the use of grass species for food and fiber
production, other species of grasses have gained popularity for landscape use due to their
aesthetic value (Darke, 1999).
Ornamental grass is a broad term encompassing grass plants as well as other
families resembling grass plants (Greenlee, 1992). Lumped into the “ornamental grass”
term are sedges (Cyperaceae), rushes (Juncaceae), restios (Restionaceae), and cattails
(Typhaceae) (Darke, 1999). The Cyperaceae is a smaller plant family compared to
Poaceae with approximately115 genera and 3600 species, but the sedges display many
similar characteristics to true grasses (Darke, 1999; King and Oudolf, 1998). However,
one of the marked differences between these plant groups is the stem. Sedges have a
solid, triangular stalk compared to the hollow, rounded stem of the grasses (King and
Oudolf, 1998). Another family comprised of grass-like plants is the Juncaceae.
Although distributed worldwide, the Juncaceae is comprised of only ten genera and less
than 400 species (Darke, 1999). Compared to the Poaceae, the Juncaceae constituents are
5

economically unimportant, but certain species have been used as a source of fiber (Darke,
1999). Two major genera in the Juncaceae are used horticulturally, Juncus (rushes) and
Luzula (woodrushes). These plants are herbaceous perennials that produce upright,
cylindrical stems (King and Oudolf, 1998). The Restionaceae is an additional group of
plants that resemble true grasses, but these species are primarily restricted to the southern
hemisphere. This family consists of 38 genera and more than 400 species (Darke, 1999).
The Restionaceae is mostly comprised of perennial herbs similar to the rushes in
appearance (Darke, 1999). The Typhaceae is a monotypic family with fewer than 15
species. These plants are herbaceous perennials that flourish in freshwater habitats
(Darke, 1999). Historically this group of plants has not been economically important, but
these species are important in supporting wildlife habitats and also as buffering agents in
polluted waterways (Darke, 1999).
Grasses and grass-like plants offer potential for ornamental use because of their
great diversity, wide range of adaptability, and uses in the landscape (King and Oudolf,
1998). When selecting grass species for ornamental uses, several characteristics are
considered including plant form, size, color, texture, flowering, and durability in the
landscape (Darke, 1999; King and Oudolf, 1998). Ornamental grasses are available in
many different forms ranging from neatly symmetrical fountains to vertical uprights with
foliage ranging from variations of bright red to gold variegations and texture ranging
from ultra fine to coarse (Holmes, 1997; Darke, 1999). Grasses range from being small
in size, which would be suitable for container plantings, to being immense taking up large
areas of the landscape (King and Oudolf, 1998). Flowering of grass species is another
important aesthetic factor due to color and the persistence of the inflorescences (Holmes,
1997).
6

Although the aesthetic characteristics of ornamental grasses have been integral to
the expansion of their popularity, their durability in the landscape allows these species to
adapt to many different environments which increases their desirability (King and
Oudolf, 1998). In the landscape, grass species require low maintenance, which promotes
their use in the garden (King and Oudolf, 1998). Ornamental grasses provide visual
contrasts in the landscape that few other ornamental perennials are able to offer. As a
result, the ornamental grass market will likely continue to expand.
Three important ornamental grass species and cultivars
Three ornamental grasses that have gained popularity in recent years are:
Calamagrostis ×acutiflora „Karl Foerster‟, Pennisetum ×advena „Rubrum‟, and
Miscanthus sinensis „Variegatus‟. C. „Karl Foerster‟ is a hybrid one of some 250 species
within the genus Calamagrostis. With only a few Calamagrostis species being
ornamentally desirable, those species used ornamentally are some of the most stellar
grasses (Loewer, 2003). C. „Karl Foerster‟ is commonly known as Karl Foerster feather
reedgrass and is cultivated as a perennial where it is hardy from USDA zones 5 to 9
(Holmes, 1997). This interspecific hybrid is a cross between Calamagrostis epigejos and
C. arundinacea (Armitage, 1997). Compared with other ornamental grasses, the cultivar
Karl Foerster is one of the most popular ornamental grasses in the world due to its beauty
and versatility (Darke, 1999). C. „Karl Foerster‟ persists in full sun to partial shade
conditions and tolerates poor soils that are wet or dry (Holmes, 1997). This cultivar can
grow up to five feet and has a clumping habit with slender upright growth (Still, 1994).
In addition, Karl Foerster produces plumes of pink-violet colored inflorescences in the
early summer with the flowers turning to a buff color by early fall (Loewer, 2003). The
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inflorescences persist through the winter. Karl Foerster is propagated by division in the
fall or spring (Still, 1994; Greenlee, 1992). One of the more important attributes of Karl
Foerster is the movement it provides with the slightest breeze when incorporated into the
landscape setting (Darke, 1999). The Perennial Plant Association distinguished C. „Karl
Foerster‟ as the perennial plant of the year for 2001 (Perennial Plant Association, 2001).
The Pennisetum genus consists of about 80 species of annual and perennial
grasses (Armitage 1997). One important Pennisetum for horticultural purposes is purple
fountaingrass, P. „Rubrum‟. Purple fountaingrass is native to tropical Africa,
southwestern Asia, and Arabia and in its native habitat is a perennial (Darke, 1999).
However, purple fountaingrass grown in North America and Europe is most often
cultivated as an annual as this cultivar is cold hardy in USDA zones 9 to 10 (Holmes,
1997). Sustained temperatures below 4.4°C can result in death of purple fountaingrass
(Darke, 1999). Purple fountaingrass has rapidly become one of the most widely used
grasses in the U.S. (Greenlee, 1992). One of the primary characteristics supporting its
use for ornamental purposes is the burgundy foliage, which provides a great contrast in
the landscape (Holmes 1997). A mature plant of purple fountain grass can reach a height
of five feet and grows in a clump formation (Still, 1994). This ornamental grass prefers
full sun conditions and well drained soils but will thrive in clay to sand textured soils
making it a candidate specimen for coastal regions (Holmes, 1997). The flowering
period for purple fountaingrass is from late summer until frost (Still, 1994). P. „Rubrum‟
is propagated by division and cuttings because the Rubrum cultivar does not produce
viable seed (Greenlee, 1992). Purple fountaingrass is often used in the landscape in mass
plantings or along slopes due to the graceful nature of its foliage (Greenlee, 1992).
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Miscanthus is termed the premiere genus of all ornamental grasses and, although
the genus is comprised of only 17 perennial species with three species being
ornamentally important, hundreds of cultivars have been selected for ornamental use
(Armitage, 1997; Holmes, 1997). One of those cultivars is M. „Variegatus‟, endemic to
portions of Japan, Korea, and China (Darke, 1999). M. „Variegatus‟ is often referred to
as variegated silvergrass and is one of the oldest variegated cultivars available (Holmes,
1997). This cultivar is cold hardy from USDA zones 6 to 9 and is considered a cold
hardy perennial in the landscape (King and Oudolf, 1998). Environmental conditions
supporting optimum growth are full sun and rich, well-drained soils with high moisture
content (King and Oudolf, 1998; Greenlee, 1992). Variegated silvergrass can attain a
height of eight feet at maturity (which may require staking), and M. „Variegatus‟
commonly has a strict clump forming habit (Still, 1994). From August to October,
inflorescences begin to open, displaying the red-colored flowers that eventually convert
to silver as the inflorescence dries (Darke, 1999). Variegated silvergrass is propagated by
seed or division, but the primary method is by division in order to maintain consistent
phenotypic traits (Greenlee, 1992). M. „Variegatus‟ is used in the landscape as a
background plant, screen, or hedge due to its dense nature (Greenlee, 1992).
Trinexapac-ethyl as a plant growth regulator
Description of trinexapac-ethyl
Plant growth regulators (PGRs) have gained popularity due to their many
advantages, such as the effectiveness and consistency in plant growth regulation
(Heckman at al., 2002b). TE is a synthetic compound that restricts stem elongation or
growth without disturbing developmental patterns in the plant. Stem growth is impeded
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by either disrupting cell elongation or cell division (Rademacher, 2000). Most growth
retardants affect one of the two major phytohormones responsible for shoot growth,
gibberellins or auxins (Rademacher, 2000). In order to obtain growth suppression while
maintaining acceptable plant quality, GA inhibitors are targeted as the most feasible
PGRs (Fagerness and Yelverton, 2000).
Trinexapac-ethyl (TE) is a PGR used extensively in the turfgrass industry due to
its effectiveness in plant growth regulation. The chemical name of TE is: 4-(cyclopropylα-hydroxy-methylene)-3,5-diox-ocyclohexanecarboxylic acid ethyl ester (Fagerness and
Penner, 1998c). It is classified as a class A PGR (Fagerness and Penner, 1998b). Class
A PGRs affect the latter phase of the gibberellin (GA) biosynthesis pathway converting
inactive GAs to active GAs responsible for cell elongation. TE is categorized as an
acyclohexanedione which affects 3β-hydroxylase (Heckman et al., 2002a; Srivastava,
2002).
Trinexapac-ethyl mode of action
The mechanism responsible for the action of TE is the competition of TE and 2oxoglutarate for the site of attachment on the 3β-hydroxylase enzyme (Heckman et al.,
2002a). The competition between TE and 2-oxoglutarate is thought to be due to the
similarity in structures of these two molecules (Srivastava, 2002). As a result of the
inhibition of 3β-hydroxylase, the conversion of GA20 (inactive GA) to GA1 (active GA)
is restricted, therefore inhibiting the activation of GA (Heckman et al., 2002a). Due to
the inhibition of GA activation, many physiological processes are impeded, including cell
elongation.
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Trinexapac-ethyl absorption
TE is primarily absorbed through the shoot system and has a relatively rapid
absorption rate (Fagerness and Penner, 1998a). Fagerness and Penner (1998c)
documented the absorption of TE in Kentucky bluegrass „Blacksburg‟ (Poa pratensis L.).
At the leaf sheaths (including the compressed stem located at the plant base), the
absorption was reported to be 80% 1 hour after treatment (HAT) and at 24 HAT the
absorption rate reached a plateau of 94%. For the leaf blade, the absorption at 1 HAT
was reported to be 31%, and following 24 HAT, the absorption maximized at 70%. On
the contrary, the TE absorbed through the root was 5% 24 HAT. So, the highest
absorption was documented in the plant base followed by the leaf blade. Root absorption
was negligible. Therefore, TE applications are primarily executed as a spray rather than a
drench.
Translocation of TE can be basipetal or acropetal (Fagerness and Penner, 1998c).
When absorbed by the base, 75% of the TE was reported to move acropetally to the leaf
blade over a 24 hour period. The leaf blade retained more than 60% of the TE absorbed
24 HAT and 32% of blade absorbed TE moved basipetally to other tissues while 1%
moved acropetally. Also, translocation of the TE to the roots accounted for only 5% of
the total TE absorbed (Fagerness and Penner, 1998c). As a result, it has been proposed
that any effect on the root system due to TE treatment is an indirect function of the
inhibition of shoot growth (Fagerness and Penner, 1998c).
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Effects of trinexapac-ethyl on plant growth
Shoot growth
Numerous studies have been executed that demonstrate the effectiveness of TE in
reducing height in mainly grass species, but also in other species. Although limited
research has been conducted with TE applications on ornamental grasses, Padhye and
Groninger (2009) documented the effects of TE, benzyladenine, and uniconazole on three
Cyperaceae and three Poaceae species and cultivars that are used ornamentally. For the
Poaceae species and cultivars, TE was found to be the most effective PGR in controlling
the height. Two TE applications occurring two weeks apart in Gracillimus miscanthus
(Miscanthus sinensis „Gracillimus‟), Rosea pampasgrass (Cortaderia selloana „Rosea‟),
and muhlygrass (Muhlenbergia capillaris) resulted in the height reductions of 23% ,
37%, and 35% compared with the nontreated control at 8 WAIT (Padhye and Groninger,
2009). Fagerness and Penner (1998b) reported the growth suppression effects of TE on
five cool season grasses: creeping bentgrass (Agrostris palustris Huds.), tall fescue
(Festuca arundinacea Schreb.), creeping red fescue (Festuca rubra L.), Kentucky
bluegrass (Poa pratensis L.), and perennial ryegrass (Lolium perenne L.). They reported
a 60% reduction of growth in Kentucky bluegrass, perennial ryegrass, and tall fescue.
For creeping bentgrass, the growth suppression did not exceed 30%. In addition, growth
reduction did not exceed 25% in creeping red fescue. As evidenced, activity of TE is
species dependent and is more effective in certain plants (Fagerness and Penner, 1998b).
These researchers reported the peak suppression period to be 2 to 3 weeks after treatment
(WAT).
The study conducted by McCullough et al. (2006) reported a clipping yield
reduction of 67% on „TifEagle‟ bermudagrass (Cynodon dactylon L.) when treated with
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TE. The decreased clipping production leads to more efficient maintenance and also
higher nutrient retention in the turf. It was reported that the TE-treated bermudagrass
displayed 7% to 21% increased levels of Ca, Mg, S, Mn, and Fe compared with the
nontreated control (McCullough et al., 2006). This improves the sustainability of
production because less fertilization is needed to obtain proper growth and establishment.
Another warm season grass, „Diamond‟ zoysiagrass (Zoysia matrella L.), was
used in experimentation to document height reduction in combination with shade
treatments (Qian et al., 1998). Qian et al. (1998) reported TE increased height
suppression of zoysiagrass as the amount of shade increased. This demonstrates the
positive correlation between the amount of shade and TE activity in certain species.
Although the activity of TE is mainly reported in grass species, a few other plants have
been shown to elicit altered growth responses when exposed to TE. One of these plants
is chrysanthemum (Dendranthema ×grandiflora). A study showed chrysanthemum
vertical growth was restricted in response to TE applications, but, as with other plant
species, the response was variable among cultivars (Gardner and Metzger, 2005). Rajala
and Peltonen-Sainio (2001) reported height reduction in three cereal crops, barley
(Hordeum vulgare L.), oat (Avena sativa L.), and wheat (Triticum aesitivum L.), exposed
to TE. TE has been shown in numerous cases to be effective in restricting shoot height in
plants, its effects accredited to the inhibition of GA activation leading to reduced cell
elongation.
Shoot and root mass
The effects of TE on the ratio of root to shoot mass have gained research attention
due to the potential benefits of an increased root mass. Rajala and Peltonen-Sainio
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(2001) reported root to shoot ratio in barley was increased 27% compared to the control
and 23% in wheat, but in oat the ratio was not affected by TE. Aboveground phytomass
was decreased in barley, wheat, and oat by 13%, 17%, and 11% 14 DAT (Rajala and
Peltonen-Sainio, 2001). These researchers attributed the increase of the root to shoot
ratio to the increase in photoassimilates available to the root system due to the removal of
the sink relationship of the shoot.
Other studies have shown that applications of TE detrimentally affected root
growth. Marcum and Jiang (1997) conducted rooting experiments with TE on tall fescue
(Festuca arundinacea Schreb.). TE applications significantly reduced total root length
and root density, but TE did not affect the maximum rooting depth in tall fescue. On the
contrary, research conducted on Diamond zoysiagrass revealed positive effects of TE on
root growth. Qian and Engelke (1999) indicated increases of root mass by 100%, 67%,
or 116% greater than the control on turf with TE applied monthly, bimonthly, or
trimonthly respectively. Primarily, the increase in root mass was attributed to the
redistribution of photoassimilates to the root system because of reduced shoot mass (Qian
and Engelke, 1999). As shown, the effects of TE on root mass are highly species
dependent. However, in the species where the root mass is increased, this could provide
an opportunity for plants to withstand drought conditions without suffering in plant
quality.
Tillering
The effects of TE on tiller production in grass species is an area of major interest,
especially in ornamental grass production. In theory, increased tiller production has the
potential to create a denser plant mass leading to a more aesthetically appealing grass
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specimen in container production. Research conducted by Padhye and Groninger (2009)
documented the effects of TE on tiller production in three Cyperaceae and three Poaceae
ornamental grasses. From their results, TE applications did not result in any differences
in tiller production for the ornamental grasses tested (Padhye and Groninger, 2009).
However, several reports have documented the positive effects of TE on tiller production
in turfgrass species. In a study conducted by Ervin and Koski (1998), tiller production in
perennial ryegrass (Lolium perenne L.) treated with TE increased by 67.9% compared
with the nontreated control. Due to the inhibitory effects of TE on cell elongation, Ervin
and Koski (1998) hypothesized the increase in tiller production was due to the
redistribution of photosynthates from areas of cell elongation to areas of cell division,
such as axillary meristems, leading to increased tiller production.
Similar results were reported in a study conducted by Qian and Engelke (1999) on
Diamond zoysiagrass (Zoysia matrella L.) grown in a shade environment. TE treatments
increased tiller production by 27% compared to the nontreated control when grown under
shade conditions. This is significant because shade environments have a detrimental
effect on tiller production in Diamond zoysiagrass. A study conducted on oat (Avena
sativa L.), barley (Hordeum vulgare L.), and wheat (Triticum aestivum L.) resulted in
similar findings to those found in the turfgrass species (Rajala and Peltonen-Sainio,
2001). Tiller production in all three cereal crops was increased due to TE applications
compared to nontreated controls (Rajala and Peltonen-Sainio, 2001). As in previous
reports, the increase in tiller production was attributed to the increase in photoassimilates
available due to the reduction of the carbohydrate sink status of the main shoot (Rajala
and Peltonen-Sainio, 2001). Another study conducted on creeping bentgrass (Agrostis
stolonifera L.), Kentucky bluegrass (Poa pratensis L.), and a hybrid bermudagrass
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showed TE treatments led to an increase in cytokinin (trans-zeatin riboside)
concentrations in the leaf tissue of all three grasses tested (Ervin and Zhang, 2007).
These researchers concluded the increase in tiller production could be a result of the
increase in cytokinin levels because cytokinins are the major hormonal signal in cell
division with tiller formation requiring active cell division (Ervin and Zhang, 2007).
Chlorophyll concentration
Chlorophyll content of the leaf has been studied in response to TE due to TE‟s
influence on leaf color and photosynthetic efficiency. Ervin and Koski (2001) evaluated
chlorophyll concentrations in TE-treated Kentucky bluegrass. From their results, leaf cell
density (mesophyll cells) had increased substantially compared to the control 4 weeks
after treatment (WAT). Increases in mesophyll density resulted from smaller, more
numerous cells present in the leaf tissue. Chlorophyll b concentrations were significantly
greater at 2 and 4 WAT while the TE-treated chlorophyll a concentrations were lower
than the control at 4 WAT. It has been hypothesized that the increased chlorophyll b
concentration will enhance the shade tolerance. This is supported by the fact that shade
adapted leaves have higher chlorophyll b concentrations due to chloroplasts containing
more grana which leads to more efficient light capture (Ervin and Koski, 2001).
McCullough et al. (2006) implemented a study evaluating the effects of TE on
chlorophyll concentration in bermudagrass. They reported an increase of total
chlorophyll by 18% at 8 WAT compared to the nontreated control. However, at 16 WAT
no differences in chlorophyll concentrations were reported in response to TE
applications. In addition, research was conducted on wheat where SPAD indices were
recorded in response to TE treatments. According to the results, SPAD indices increased
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linearly with increasing rates of TE (Espindula et al., 2009). Chlorophyll concentration is
a factor affecting the efficiency of the photosynthetic process.
Photosynthesis and respiration
In an experiment on Diamond zoysiagrass, photosynthesis rates increased in
response to TE treatments. TE applications occurring monthly, bimonthly, or trimonthly
resulted in photosynthesis rates that were 38%, 42% or 38% higher, respectively, than the
nontreated control (Qian and Engelke, 1999). In addition, the light compensation point
(quantity of light required to reach an equilibrium between photosynthesis and
respiration) was lowered in the TE-treated plants compared to nontreated controls (Qian
and Engelke, 1999).
In addition to the effects of TE on photosynthesis, TE has been shown to reduce
respiration in plants. TE has been demonstrated to affect the cytochrome (cyt) bc1
complex located in the inner membrane of the mitochondria where cyt bc1 is a protein
complex (Complex III) of the electron transfer chain required to synthesize ATP (Taiz
and Zeiger, 2002). Heckman et al. (2002a) reported a 30% reduction of cyt bc1 activity
in TE-treated isolated wheat mitochondria. Researchers hypothesize that TE mimics
ubiquinone (a small, lipid soluble electron and proton carrier) (Heckman et al., 2002a;
Taiz and Zeiger, 2002). This is rationalized by the similar structure of ubiquinone and
TE where both structures contain the important hexane ring with two double-bonded
oxygens. By mimicking ubiquinone, TE can accept the electrons but will not be able to
transfer electrons to other complexes due to incompatibility, therefore making TE an
electron sink (Heckman et al., 2002a). In addition, TE has the ability to bind to quinone
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and quinol binding sites, which would inhibit the activities of these physiologically
important proteins (Heckman et al., 2002a).
Leaf color
Effect of TE on leaf color is an important aspect when using TE on ornamental
species. Chlorophyll concentration has been correlated to leaf color with darker leaf
colors associated with higher chlorophyll concentrations (Stier and Rogers, 2001). TE
has been documented to positively influence leaf color in several experiments. Ervin et
al. (2004) noted the overall plant quality of creeping bentgrass turf was higher when
treated with TE compared with the nontreated control. Also, the TE-treated creeping
bentgrass turf consistently produced a darker leaf color than the nontreated control (Ervin
et al., 2004). This increase in color can be attributed to the increase in mesophyll cell
density and chlorophyll concentrations when exposed to TE (Ervin and Koski, 2001).
Another study conducted by McCullough et al. (2006) evaluated the effects of TE
on leaf color on TifEagle bermudagrass putting greens. Overall, TE-treated
bermudagrass sustained a darker leaf color than the nontreated control (McCullough et
al., 2006). After the second application of TE, the color of bermudagrass was enhanced
by 6% to 10%. Stier and Rogers (2001) reported a significant influence of TE on color in
Kentucky bluegrass. Color of Kentucky bluegrass was consistently darker for TE-treated
plants (6.4 on a scale of 1 to 9) compared with the nontreated control (5.3) (Stier and
Rogers, 2001). As evidenced, the influence of TE in promoting darker leaf colors on a
wide range of species has been documented.
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Flower development
Floral initiation and development is a process that is controlled by genetic and
environmental factors (Taiz and Zeiger, 2002). In reference to the environmental factors,
day length is one of the major environmental stimuli triggering flowering (Davies, 2004).
The primary physiological change that occurs in response to day length is the increased
activity of the GAs (Davies, 2004). In a study conducted by King et al. (2001), a long
day plant, Lolium temulentum, exposed to long day treatments displayed an increase in
GAs. Depending on the plant species, the GA that promotes flower initiation is variable
(Taiz and Zeiger, 2002; Davies, 2004). From results collected on L. temulentum, the
more active GAs in inducing flowering are GA3, GA5, and GA1 with GA4 causing more
cell elongation (King et al., 2008). However, in Matthiola incana, GA4 and GA7 seem to
play the most significant role in inducing flowering (Hisamatsu et al., 1998).
As a result of the different GAs active in floral initiation for different species, TE
applications have led to different flowering responses. In a study conducted on Diamond
zoysiagrass, TE treatments increased seed head density compared to the nontreated
control (Qian et al., 1998). However, in annual bluegrass and perennial ryegrass TE
applications did have some inhibitive effects on seed head formation (Fagerness and
Penner, 1998b). Documenting the effects of TE on the flower emergence of ornamental
grasses is critical because floral structures are important components for the marketability
of ornamental plants. From results indicated in previous research, flowering in
ornamental grasses has potential to be hastened or delayed by TE due to the variation of
responses for flower initiation and development among different plant species.
In summary, TE has been shown to be highly active in a wide variety of plants
including a large amount of grass species. TE has been demonstrated to affect shoot
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growth, root development, tillering, chlorophyll content, color intensity, and flowering in
plants. Although the growth responses from TE treatments are species dependent, TE
applications do display a consistent trend in effectively controlling shoot growth. Due to
vertical shoot growth being a major issue in ornamental grass production, the use of TE
for growth control in ornamental grasses has great potential to enhance the production
efficiency.
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CHAPTER III
EFFECTS OF TRINEXAPAC-ETHYL ON GROWTH OF THREE ORNAMENTAL
GRASSES
Abstract
One of the major problems faced during production of ornamental grasses is rapid
stem elongation causing stretching and excessive growth in containers leading to an
unnatural appearance. This research was initiated to evaluate managing growth using
trinexapac-ethyl (TE), a plant growth regulator, on three ornamental grasses: C. „Karl
Foerster‟, M. „Variegatus‟, and P. „Rubrum‟. Two experiments were conducted in 2009
with one involving two TE spray applications (Expt. 1) and the other involving a single
TE spray application (Expt. 2). The application rates of TE were 0, 15, 25, or 35 oz/100
gal (0, 132, 221, or 309 mg·L-1) for both experiments. Plants were grown outside on
black landscape fabric at Mississippi State, MS.
TE suppressed vertical growth in all grasses in Expt. 1 and suppressed vertical
growth in C. „Karl Foerster‟ in Expt. 2. Tillering was reduced in C. „Karl Foerster‟ in
both experiments while tillering was increased in M. „Variegatus‟ in Expt. 1. Chlorophyll
content (SPAD) was improved in C. „Karl Foerster‟ due to TE applications, but color
ratings were reduced in P. „Rubrum‟ in response to increasing rates of TE. TE
applications delayed flower emergence in both M. „Variegatus‟ and P. „Rubrum‟ with C.
„Karl Foerster‟ not producing flowers during the experiment period. Shoot dry weight
(SDW) and root dry weight (RDW) were reduced in response to TE treatments in C.
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„Karl Foerster‟, but not in M. „Variegatus‟. SDW was reduced from TE treatments over
time in P. „Rubrum‟ with the RDW unaffected.
Introduction
During container production, ornamental grasses often experience rapid shoot
growth and outgrow containers. This rapid growth leads to plants that assume an
unnatural appearance and therefore, display low quality (Cameron, 2004). Due to the
extensive shoot growth, ornamental grasses require considerable production space and
consume large quantities of water and fertilizer during production. One method adopted
in agronomic and horticultural crops to control excessive growth of plants is to apply
plant growth regulators (PGRs) (Rademacher, 2000). For grass species, one plant growth
regulator, trinexapac-ethyl (TE), has been used to successfully control vertical growth.
TE acts as a gibberellin activation inhibitor (Ervin and Koski, 2001). TE inhibits the
conversion of GA20 (inactive) to GA1 (active) leading to restricted cell elongation
(Heckman et al., 2002).
TE has been demonstrated to effectively control vertical shoot growth in plants
and has been widely used in the turfgrass industry to control vertical growth for both
warm season and cool season grasses (Beasley et al., 2005). Fagerness and Penner
(1998) reported the effectiveness of TE on growth suppression among five cool season
grass species. Their results indicated that TE is effective in reducing vertical growth, but
the level and duration of growth suppression is variable among species. In a study
conducted on three ornamental grasses: Gracillimus miscanthus (Miscanthus sinensis
„Gracillimus‟), Rosea pampasgrass (Cortaderia selloana „Rosea‟), and muhlygrass
(Muhlenbergia capillaris), TE was effective in controlling the shoot growth in all three
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grasses (Padhye and Groninger, 2009). Although grass species show high activity to TE,
other species such as chrysanthemum (Dendranthema ×grandiflora) have also displayed
some growth suppression in response to TE (Gardner and Metzger, 2005).
Although height reduction is one of the major responses to TE applications, other
plant growth parameters are affected. TE has been shown to increase leaf chlorophyll
concentration. Research conducted on wheat (Triticum aestivum L.) showed plants
treated with TE had a linear increase in SPAD indices (Espindula et al., 2009). Also, in
Kentucky bluegrass (Poa pratensis L.), the mesophyll density increased in response to
TE treatments, and chlorophyll b concentration was elevated (Ervin and Koski, 2001). In
addition to increased chlorophyll and mesophyll concentrations, TE has also been shown
to affect photosynthesis and respiration in plants. Research conducted by Qian and
Engelke (1999) on zoysiagrass (Zoysia matrella L.) showed that TE has a synergistic
effect on photosynthesis making the plant more efficient. In addition to the positive
effects on photosynthesis, TE has been reported to reduce respiration rates in wheat
mitochondria (Heckman et al., 2002).
Increased tiller production would increase plant density producing a more
aesthetically desirable plant in container production of ornamental grasses. In addition,
increased tillers would positively impact propagation by division. TE has been
documented to increase tiller numbers in several turfgrass species and cereal crops (Ervin
and Koski, 1998; Qian and Engelke, 1999; Rajala and Peltonen-Sainio, 2001). It has
been hypothesized that the increase in tiller production resulted from the reduction in cell
elongation by TE treatments diminishing the consumption of photosynthates leading to
an increase in the availability of photosynthates for tiller production. Tiller production
arises from cell division at the axillary meristems (Ervin and Koski, 1998). An
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experiment conducted on creeping bentgrass (Agrostis stolonifera L.), Kentucky
bluegrass, and a hybrid bermudagrass demonstrated that cytokinin (trans-zeatin riboside)
levels were increased due to TE applications (Ervin and Zhang, 2007). Tiller
development requires high levels of cell division, and an increase in cytokinin levels is
necessary for cell division (Ervin and Zhang, 2007).
The effect of TE on the growth of the root system has been explored in several
reports. Development of an extensive root system is critical for the plant to extract
essential nutrients and water required for plant growth (Taiz and Zeiger, 2002). Applying
a PGR that enhances root growth may have a positive influence on water and nutrient
extraction during adverse conditions, such as during drought. When TE applications
were made on Diamond zoysiagrass, root growth was drastically improved (Qian and
Engelke, 1999). However, root growth has also been reported to be detrimentally
affected by TE treatments (Marcum and Jiang, 1997). TE treatments have the potential to
increase or decrease root growth depending on the plant species.
Flowering is another developmental process affected by TE applications. The
effects of TE on flowering are highly variable due to the fact that TE affects the GA20 to
GA1 conversion, and flowering is controlled by multiple gibberellins depending on the
species. Seed head densities were increased in Diamond zoysiagrass in response to TE
treatments (Qian et al., 1998). On the contrary, TE treatments led to a reduction in seed
head formation in annual bluegrass (Poa annua L.) and perennial ryegrass (Lolium
perenne L.) (Fagerness and Penner, 1998). Additionally, leaf color is an important
characteristic, and enhanced leaf color may increase the aesthetics of ornamental grasses
produced in containers. TE has been widely documented to enhance leaf color in
turfgrass species. Ervin and Koski (2004) reported leaf color for TE treated creeping
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bentgrass was darker than the nontreated control. Another study conducted by Ervin and
Zhang (2007) yielded similar results where the leaf color in creeping bentgrass, Kentucky
bluegrass, and hybrid bermudagrass was consistently darker compared to the nontreated
control.
Although numerous reports are available in the literature for the activity of TE on
turfgrass species and other plants, limited literature is available on the effects that TE
may have on ornamental grass species. The objectives of this research were to quantify
the effects of TE on the shoot growth, root development, tiller production, chlorophyll
content, flowering, and color (P. „Rubrum‟) of three ornamental grasses: C. „Karl
Foerster‟, M. „Variegatus‟, and P. „Rubrum‟.
Materials and Methods
Experiment 1
Plant materials and growth conditions
C. „Karl Foerster‟, P. „Rubrum‟, and M. „Variegatus‟ were selected for this study
due to their ornamental value. Liners (72 cell trays, 60 cm3/cell) of these cultivars
(Emerald Coast Growers, Pensacola, FL) were transplanted into 3.8 L (1 gallon)
containers on 1 May 2009. The growing media consisted of a mixture of pine bark (1
cm) and a peat-based substrate (PRO-MIX „BX‟; Premier Horticulture, Quakertown, PA)
in a 75:25 ratio by volume. All containers were topdressed on 13 May 2009 with a
polymer encapsulated fertilizer (Osmocote® Plus 15-4-10; Scotts Sierra Horticultural
Products Co., Marysville, OH) at a rate of 15g·container-1. Plants were grown outside on
a black landscape fabric at Mississippi State, MS. Containers were spaced at 20 cm
centers and, in order to compensate for larger plant sizes, were repositioned after six
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weeks to 30 cm centers. Due to infestations of a fungus species causing rust symptoms, a
fungicide (Strike® 50 WDG, a.i. 1-(4-chlorophenoxy)-3,3-dimethyl-1-(1 H-1,2,4-triazol1-yl)-2-butanone; Olympic Horticultural Products, Inc., Mainland, PA) was applied at
59.4 mg·L-1 on 15 July 2009 and 23 July 2009 and reapplied on 13 Aug. 2009 and 24
Aug. 2009. Grass plants were allowed to grow for 11 days following planting to obtain
proper plant establishment before initiation of treatments.
PGR applications and data collection
On 12 May 2009 at 09:30, TE was applied as a foliar application at: 0, 15, 25, or
35 oz/100 gal (0, 132, 221, or 309 mg·L-1). Spray applications of TE (Primo MAXX™;
Syngenta Crop Protection, Inc., Greensboro, NC) were made with a CO2 pressurized
backpack sprayer (35 psi) equipped with an 8002VS nozzle (Teejet®; Spraying Systems
Co., Wheaton, IL). The spray solution was applied at a volume of 2 L·m-2. In addition,
control plants were sprayed with 2 L·m-2 clear water. A second TE application at the
previously described rates was made 6 weeks after the initial treatment (WAIT) on 24
June 2009 at 09:00. The experiment was terminated after 24 weeks on 28 Oct. 2009.
Growth parameters were measured to document the effects of TE on the
ornamental grasses and included: shoot height, tiller number, chlorophyll content, flower
emergence, and foliage color. Plant heights were taken by measuring from the surface of
the substrate to the tallest stretched height (maximum height) of either the blade or
inflorescence. Plant heights were recorded weekly with the initial measurement at 0
WAIT. Tiller production was assessed by documenting tiller quantities at 0 WAIT and
24 WAIT in order to derive the difference in tiller counts during the experiment interval.
Chlorophyll content was measured using a SPAD meter (Minolta 502, Konica Minolta
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Sensing, Inc., Osaka, Japan) with three measurements taken on middle aged foliage.
SPAD readings were first taken at 3 WAIT and weekly thereafter. Flower emergence
was recorded as the number of days after initial treatment (DAIT) when the first visible
inflorescence emerged out of boot. Visual foliage color ratings were taken only on P.
„Rubrum‟. Color intensity was rated from 0 to 5 (0 < 10% light red; 1 = 20% red; 2 =
40% red; 3 = 60% red; 4 = 80% red; 5 = 100% dark red). Color ratings were taken at 3
WAIT, 7 WAIT, and weekly after 7 WAIT.
Statistical methods
Experimental units were arranged in a randomized complete design with 12
replications per treatment. All data was analyzed with regression analysis using SAS
version 9.2 (SAS Institute Inc., Cary, NC). For data with no time element, including
tiller production and flower emergence, the GLM procedure was used for regression
analysis. However, when a time element was present with repeated measures, such as in
shoot height, SPAD, and color, the MIXED procedure was used for analysis. Due to the
qualitative, ordinal nature of ratings data, the color ratings were further analyzed with a
nonparametric approach by the Mantel-Haenszel Chi-square test. A survival analysis was
generated for C. „Karl Foerster‟ by the GLIMMIX procedure with a logit link function.
Regression slope coefficients were considered significant at P ≤ 0.05.
Experiment 2
Plant materials and growth conditions
C. „Karl Foerster‟, P. „Rubrum‟, and M. „Variegatus‟ liners (72 cell trays, 60
cm3/cell; Emerald Coast Growers, Pensacola, FL) were transplanted into 3.8 L (1 gallon)
containers on 1 May 2009 in the same substrate as in Experiment 1. On 13 May 2009 all
30

containers were topdressed with 15 g·container-1 Osmocote® Plus. Plants were hand
watered daily with clear water. The experimental plot was located at Mississippi State,
MS where the plants were grown outside on black landscape fabric. In the initial 6 week
interval, containers were arranged on 20 cm centers. After 6 weeks, containers were
respaced to a 30 cm center spacing to accommodate the increased plant size. Plants were
treated on 15 July 2009 and 23 July 2009 with 59.4 mg·L-1 Strike® 50 WDG for a fungal
infection causing rust symptoms.
PGR applications and data collection
A single TE spray application was made on 12 May 2009 at 09:30. The
application was made with a Teejet® CO2 pressurized backpack sprayer (35 psi; 8002VS
nozzle) with a spray volume of 2 L·m-2. TE was applied at 0, 15, 25, or 35 oz/100 gal (0,
132, 221, or 309 mg·L-1). The experiment was terminated after 12 weeks on 4 Aug.
2009.
In this study, shoot height, shoot dry weight, root dry weight, and tiller production
were measured. Shoot heights (substrate surface to tallest blade or inflorescence) were
measured weekly with the first measurement occurring 0 weeks after treatment (WAT).
For the shoot and root dry weight measurements, 3 plant replicates for each treatment
were collected every 3 weeks for a total of 4 destructive harvests. To obtain shoot and
root dry weight measurements, plants were removed from the containers, and the
substrate was separated from the roots by a gentle wash with clear water. After substrate
removal, plant shoots were excised at the crown (soil line) to separate the shoot structure
from the root system. The shoot and root sections were then transferred to an industrial
oven to dry at 60°C for 72 hours. After 72 hours, the shoot and root dry weights were
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recorded. Tiller production was assessed by recording tiller counts at 0 WAT and 12
WAT to establish the number of tillers produced during the experiment.
Statistical methods
Experimental units were arranged in a randomized complete design with 3
replications per treatment. Data was analyzed using SAS version 9.2 (SAS Institute Inc.,
Cary, NC) and regression models were generated for all parameters. To analyze data
with no time element, such as with tiller production, the GLM procedure was used. For
data with a time element accompanied with repeated measures including shoot height, the
MIXED procedure was used to generate regression models. However, for measurements
including a time element and non-repeated measures including shoot and root dry
weights, the GLM procedure was executed. Regression slope coefficients were
considered significant at P ≤ 0.05.
Results and Discussion
Experiment 1
This experiment involved two separate applications of TE. Objectives of this
experiment were to quantify the effects of TE on height suppression, tiller production,
chlorophyll content, flower emergence, and color (P. „Rubrum‟) in three ornamental
grasses. To better model the data, two separate plant height regression models were
generated, one for the first application interval (0-42 DAIT) and another for the second
application interval (42-169 DAIT). For days 0 through 42, TE treatments increasingly
affected plant height over time. The height reduction increased as TE rate increased for
all three species (Figs. 3.1, 3.3, 3.5). After day 42, following the second TE application,
TE continued to impact plant growth but the differences in plant growth between TE rates
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remained nearly constant (Figs. 3.2, 3.4, 3.6). For C. „Karl Foerster‟, an increase in the
TE concentration by 10 oz/100 gal yielded an average reduction in height by 5.1 cm (Fig.
3.2). In addition, all treatments in C. „Karl Foerster‟ from 42 through 112 DAIT
experienced a height reduction according to the regression equation predictions, so the
reduction in plant height is accredited to foliage tip dieback that occurred during this
period, which led to lower height recordings. Also, a survival analysis was conducted for
C. „Karl Foerster‟ due to the death of a significant portion of the experimental units. For
the survival analysis, a logistic regression equation was generated (y = 4.4472* –
0.3513oz* + 0.006500oz2*; y represents logit of mean proportion survival; * slope
coefficients considered significant at P ≤ 0.05). The survival analysis indicated that as
the TE rate increased the overall survival decreased, but the decrease in survival
diminished at the higher rates. From the results, two TE applications did have some
negative influence on C. „Karl Foerster‟. In M. „Variegatus‟, the height was reduced on
average 4.2 cm for every 10 oz/100 gal increase in rate (Fig. 3.4). For the nontreated P.
„Rubrum‟, the plants assumed a quadratic growth curve compared to the linear growth of
the treated plants, so the nontreated plants and treated plants were modeled separately.
An increase in TE concentration by 10 oz/100 gal in P. „Rubrum‟ led to an average
height reduction of 6.3 cm (Fig. 3.6). The growth suppression provided by the TE
treatments was similar to that reported in the numerous reports available on growth
suppression by TE in grass species (Padhye and Groninger, 2009; Fagerness and Penner,
1998; McCullough et al., 2006; Qian et al., 1998).
Tiller production was reduced by an average 12.1 tillers for every 10 oz/100 gal
increase in TE rate in C. „Karl Foerster‟ (Fig. 3.7). In M. „Variegatus‟ the tillering was
slightly increased by TE applications with an average increase of 2.4 tillers for every TE
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rate increase of 10 oz/100 gal (Fig. 3.8). Tillering was not affected in P. „Rubrum‟ due to
TE applications (Fig. 3.9). The reduction in tillering in C. „Karl Foerster‟ and unaltered
tillering in P. „Rubrum‟ conflict with results in numerous reports showing TE enhances
tiller production in turfgrass and cereal crop species (Beasley et al., 2005; Rajala and
Peltonen-Sainio, 2001; Qian and Engelke, 1999). However, tiller production was
unaffected by TE in a study conducted on Gracillimus miscanthus, Rosea pampasgrass,
and muhlygrass (Padhye and Groninger, 2009).
Chlorophyll content increased in C. „Karl Foerster‟ by an average of 1.3 SPAD
units for every 10 oz/100 gal increase in TE application rate (Fig. 3.10). However, the
overall SPAD indices indicated a decrease in chlorophyll content over time for C. „Karl
Foerster‟. The increase in chlorophyll for C. „Karl Foerster‟ due to TE applications is
consistent with results obtained in wheat (Triticum aestivum L.) (Espindula et al., 2009).
Espindula et al. (2009) contributed the increase in the SPAD index to an increase in
chlorophyll per unit area due to the cell elongation restriction from TE activity. In M.
„Variegatus‟, the chlorophyll content followed similar trends observed in C. „Karl
Foerster‟ where the overall chlorophyll content decreased over time across all treatments,
but unlike the C. „Karl Foerster‟, chlorophyll content was unaffected by TE application
rate (Fig. 3.11). In P. „Rubrum‟, TE application rate slightly increased chlorophyll
content over time (Fig. 3.12). However, the biological significance appears to be low.
Flower emergence in M. „Variegatus‟ was delayed an average of 1.2 days for
every 10 oz/100 gal increase in TE rate (Fig. 3.13). In P. „Rubrum‟, the flowering was
delayed an average of 5.7 days for every 10 oz/100 gal increase in TE rate (Fig. 3.14).
The suppression of flowering aligns with results found in perennial ryegrass and annual
bluegrass (Fagerness and Penner, 1998). C. „Karl Foerster‟ did not flower during the
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duration of the experiment due to the fact that C. „Karl Foerster‟ naturally flowers in the
spring before the experiment was initiated. As a result, no flowering data was collected
on C. „Karl Foerster‟.
TE treatments reduced the color rating of P. „Rubrum‟. In the nontreated plants
and at the lowest TE rates, the color rating increased over time (Fig. 3.15). Due to the
inefficiency of regression analysis to evaluate qualitative, ordinal data, such as the color
ratings, a nonparametric analysis, Mantel-Haenszel Chi-square test, was executed to
confirm the results indicated by the regression analysis. For comparison purposes of the
regression analysis and the nonparametric test, separate models for each TE application
rate were generated (Table 3.1). The results from the Mantel-Haenszel Chi-square test
(Table 3.2) confirmed the color ratings for the nontreated plants (P = 0.0001) increased
over time, 15 oz/100 gal (P = 0.0567) displayed a marginal increase in color over time,
and 25 (P = 0.5895) and 35 oz/100 gal (P = 0.7341) did not show any change in color
over time. Increasing TE rate decreases color intensity in P. „Rubrum‟. This reduction in
color was unexpected because previous research reported TE applications enhancing
color in turfgrasses (Stier and Rogers, 2001; Ervin et al., 2004; McCullough et al., 2006;
Ervin and Zhang, 2007), however, the decrease in red color may be a symptom of the
increase in chlorophyll content masking the red pigment.
Experiment 2
In this experiment only a single application of TE was made. For this experiment,
the objectives were to quantify the effects of a single TE application on height
suppression, tiller production, shoot dry weight (SDW), and root dry weight (RDW) in
three ornamental grasses. For C. „Karl Foerster‟, the TE treatment reduced plant height
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where the treated plants began growing at a slower rate early in the study compared to the
nontreated plants (Fig. 3.16). However, after the midpoint of the study, the treated plants
began increasing in height at an increased rate allowing the treated plants to obtain
similar heights as the control by the termination of the study. In M. „Variegatus‟, TE
treatments increasingly affected height over time with the greatest effect of TE rate
appearing in the latter part of the study (Fig. 3.17). P. „Rubrum‟ responded similarly to
M. „Variegatus‟ where height was increasingly affected by TE rate over time resulting in
a decrease in height as TE rate and time increased (Fig. 3.18).
As observed in Experiment 1, tiller production decreased in C. „Karl Foerster‟ in
response to TE treatments. The number of tillers produced decreased by an average of
6.4 tillers for every 10 oz/100 gal increase in TE rate (Fig. 3.19). However, in
comparison to the increase in tillers found in Experiment 1 for M. „Variegatus‟, the single
TE application did not yield an increase in tillers (Fig. 3.20). P. „Rubrum‟ did not
increase tiller production in response to TE treatments (Fig. 3.21), which was consistent
with results obtained in Experiment 1.
SDW was reduced in C. „Karl Foerster‟ due to TE treatments. However, over
time, the treated plants outgrew the treatment effects allowing those plants to increase in
SDW by the end of the study but not to the level of the nontreated plants (Fig. 3.22).
Height and SDW for C. „Karl Foerster‟ showed similar growth patterns and curves.
Reduction in the SDW was consistent with results collected on three cereal crops (Rajala
and Peltonen-Sainio, 2001). TE treatments reduced RDW early in the study; however, by
the termination of the study, the TE effects were diminished allowing the roots in treated
plants to increase in weight approaching the RDW found in nontreated plants (Fig. 3.23).
TE treatments had no effect on SDW or RDW in M. „Variegatus‟ (Figs. 3.24, 3.25). In a
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study conducted on perennial ryegrass (Lolium perenne L.), TE was also found to have
no effect on the SDW and RDW (Ervin and Koski, 1998). Although TE does inhibit cell
elongation, the tissue weight is not necessarily reduced because of the increased tissue
density. This may explain the lack of TE effect on SDW in M. „Variegatus‟ (Espindula et
al., 2009). TE treatments reduced SDW for P. „Rubrum‟ over time with an increased
effect as TE rate increased (Fig. 3.26). RDW for P. „Rubrum‟ increased over time;
however, TE application rate had no effect on RDW (Fig. 3.27).
Conclusion
One of the major issues during container production of ornamental grasses is
rapid vertical growth. TE spray applications suppressed the vertical growth among the
grasses evaluated. The level of growth suppression is highly dependent on the plant
species, cultivar, and rate applied. In addition, the increase in chlorophyll concentration
for C. „Karl Foerster‟ has implications on increasing the photosynthetic efficiency and
overall quality of the grass. SDW and RDW were reduced in certain grasses and
unaffected in others leading to the conclusion that TE does not necessarily reduce
structural components in the cell even though cell elongation may be reduced. Other
growth parameters, such as tiller production, flowering, and color (P. „Rubrum‟) were
reduced by TE applications in some of the species and should be considered when
implementing TE into a production program. From visual observations, the TE
concentration of 25 oz/100 gal provided the most aesthetically appealing grass when
considering all of the growth parameters. The use of TE in production of ornamental
grasses offers the producer the ability to precisely control growth to increase production
efficiency. However, in a nursery production system, the concentration applied will
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depend solely on the growth stage of the grass and the overall desired effect at the end of
the production cycle. As a result, TE applications were effective in controlling vertical
growth making it a viable option for height control during nursery production of cultivars
of the ornamental grasses Calamagrostis, Miscanthus, and Pennisetum.
Table 3.1

Regression models for the effects of trinexapac-ethyl (TE) application rates
on color ratings in P. „Rubrum‟ with the TE application rates modeled
separately.

TE Rate (oz/100 gal)
0

Regression Equation
yx = 3.6658* + 0.007065DAIT*y

15

y = 2.3746* + 0.003427DAIT*

25

y = 2.1797* + 0.00109DAIT

y = 1.5576* + 0.000666DAIT
35
*Slope coefficients are considered significant at P ≤ 0.05.
y
DAIT = days after initial treatment.
x
Color ratings are reported on a scale from 0 - 5 (0 < 10% light red, 1 = 20% red, 2 =
40% red, 3 = 60% red, 4 = 80% red, 5 = 100% dark red).
Table 3.2

Results of a nonparametric analysis, the Mantel-Haenszel Chi-square test,
for trinexapac-ethyl (TE) application rates and color ratings in P. „Rubrum‟
over time.

TE Rate (oz/100 gal)
0

Pr>=ChiSq
0.0000z

15

0.0567

25

0.5895

0.7341
35
z
Considered significant at the P ≤ 0.05.
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Figure 3.1

Experiment 1: Effects of trinexapac-ethyl (TE) on C. „Karl Foerster‟ height
from 0 through 42 days after initial treatment (DAIT) as projected by the
regression model. Regression equation for plant height (cm) is: y =
23.0908* + 0.4106DAIT* – 0.01885oz –0.01252DAIToz*. Slope
coefficients followed by * are considered significant at the P ≤ 0.05, and oz
represents the TE rate in oz/100 gal.

Figure 3.2

Experiment 1: Effects of trinexapac-ethyl (TE) after a second application of
TE at 42 days after initial treatment (DAIT) on C. „Karl Foerster‟ height
from 42 through 169 DAIT as projected by the regression model.
Regression equation for plant height (cm) is: y = 55.0159* – 0.3529DAIT*
– 0.5103oz* + 0.001488DAIT2*. Slope coefficients followed by * are
considered significant at the P ≤ 0.05, and oz represents the TE rate in
oz/100 gal.
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Figure 3.3

Experiment 1: Effects of trinexapac-ethyl (TE) on M. „Variegatus‟ height
from 0 through 42 days after initial treatment (DAIT) as projected by the
regression model. Regression equation for plant height (cm) is: y =
27.1378* – 0.4606DAIT* + 0.001406oz + 0.004735DAIToz +
0.01818DAIT2* – 0.00027DAIT2oz*. Slope coefficients followed by * are
considered significant at the P ≤ 0.05, and oz represents the TE rate in
oz/100 gal.

Figure 3.4

Experiment 1: Effects of trinexapac-ethyl (TE) after a second application of
TE at 42 days after initial treatment (DAIT) on M. „Variegatus‟ height from
42 through 169 DAIT as projected by the regression model. Regression
equation for plant height (cm) is: y = 20.7914* + 0.3559DAIT* –
0.4170oz* + 0.001784DAIT2*. Slope coefficients followed by * are
considered significant at the P ≤ 0.05, and oz represents the TE rate in
oz/100 gal.
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Figure 3.5

Experiment 1: Effects of trinexapac-ethyl (TE) on P. „Rubrum‟ height from
0 through 42 days after initial treatment (DAIT) as projected by the
regression model. Regression equation for plant height (cm) is: y =
39.2401* – 1.0040DAIT* – 0.07252oz + 0.005725DAIToz +
0.03750DAIT2* – 0.00034DAIT2oz*. Slope coefficients followed by * are
considered significant at the P ≤ 0.05, and oz represents the TE rate in
oz/100 gal.
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Figure 3.6

Experiment 1: Effects of trinexapac-ethyl (TE) after a second application of
TE at 42 days after initial treatment (DAIT) on P. „Rubrum‟ height from 42
through 169 DAIT as projected by the regression model. Regression
equation for plant height (cm) is: y = 65.4112* – 0.6309oz* –
52.8087(nontreated) + 1.4967DAIT*(nontreated) –
0.00587DAIT2*(nontreated) + 0.05149DAIT*(treated). Nontreated
represents control plants and treated represents plants exposed to TE.
Slope coefficients followed by * are considered significant at the P ≤ 0.05,
and oz represents the TE rate in oz/100 gal.
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Figure 3.7

Experiment 1: Effects of trinexapac-ethyl (TE) on C. „Karl Foerster‟ tiller
production as projected by the regression model. Regression equation for
tiller production is: y = 43.6745* – 1.2091oz*; R2 = 0.39. Tiller production
is reported as the difference between tiller counts from 0 – 169 days after
initial treatment. Slope coefficients followed by * are considered
significant at the P ≤ 0.05, and oz represents the TE rate in oz/100 gal.

Figure 3.8

Experiment 1: Effects of trinexapac-ethyl (TE) on M. „Variegatus‟ tiller
production as projected by the regression model. Regression equation for
tiller production is: y = 39.5966* + 0.2371oz*; R2 = 0.14. Tiller
production is reported as the difference between tiller counts from 0 – 169
days after initial treatment. Slope coefficients followed by * are considered
significant at the P ≤ 0.05, and oz represents the TE rate in oz/100 gal.
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Figure 3.9

Experiment 1: Effects of trinexapac-ethyl (TE) on P. „Rubrum‟ tiller
production as projected by the regression model. Regression equation for
tiller production is: y = 35.4611* + 0.0910oz; R2 = 0.02. Tiller production
is reported as the difference between tiller counts from 0 – 169 days after
initial treatment. Slope coefficients followed by * are considered
significant at the P ≤ 0.05, and oz represents the TE rate in oz/100 gal.

Figure 3.10

Experiment 1: Effects of trinexapac-ethyl (TE) applied at 0 and 42 days
after initial treatment (DAIT) on C. „Karl Foerster‟ SPAD index as
projected by the regression model. Regression equation for SPAD index is:
y = 47.1982* – 0.06131DAIT* + 0.1308oz*. Slope coefficients followed
by * are considered significant at the P ≤ 0.05; DAIT represents days after
initial treatment; oz represents TE rate in oz/100 gal.
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Figure 3.11

Experiment 1: Effects of trinexapac-ethyl (TE) applied at 0 and 42 days
after initial treatment (DAIT) on M. „Variegatus‟ SPAD index as projected
by the regression model. Regression equation for SPAD index is: y =
34.0950* – 0.07311DAIT* + 0.01664oz. Slope coefficients followed by *
are considered significant at the P ≤ 0.05; DAIT represents days after initial
treatment; oz represents TE rate in oz/100 gal.

Figure 3.12

Experiment 1: Effects of trinexapac-ethyl (TE) applied at 0 and 42 days
after initial treatment (DAIT) on P. „Rubrum‟ SPAD index as projected by
the regression model. Regression equation for SPAD index is: y =
36.6518* – 0.01330DAIT* – 0.06007oz + 0.000864DAIToz*. Slope
coefficients followed by * are considered significant at the P ≤ 0.05; DAIT
represents days after initial treatment; oz represents TE rate in oz/100 gal.
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Figure 3.13

Experiment 1: Effects of trinexapac-ethyl (TE) on M. „Variegatus‟
flowering as projected by the regression model. Regression equation for
flower emergence is: y = 126.4961* + 0.1224oz*; R2 = 0.29. Flower
emergence is reported as the days elapsed from experiment initiation to
first flower emergence. Slope coefficients followed by * are considered
significant at the P ≤ 0.05, and oz represents TE rate in oz/100 gal. DAIT
= days after initial treatment.

Figure 3.14

Experiment 1: Effects of trinexapac-ethyl (TE) on P. „Rubrum‟ flowering
as projected by the regression model. Regression equation for flower
emergence is: y = 52.1433* + 0.5679oz*; R2 = 0.43. Flower emergence is
reported as the days elapsed from experiment initiation to first flower
emergence. Slope coefficients followed by * are considered significant at
the P ≤ 0.05, and oz represents TE rate in oz/100 gal. DAIT = days after
initial treatment.
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Figure 3.15

Experiment 1: Effects of trinexapac-ethyl (TE) applied at 0 and 42 days
after initial treatment (DAIT) on P. „Rubrum‟ leaf color rating as projected
by the regression model. Leaf color was evaluated on a scale from 0 to 5 (0
< 10% light red, 1 = 20% red, 2 = 40% red, 3 = 60% red, 4 = 80% red, 5 =
100% dark red). Regression equation for leaf color is: y = 3.5296* +
0.006479DAIT* – 0.05788oz* – 0.00021DAIToz*. Slope coefficients
followed by * are considered significant at the P ≤ 0.05; oz represents TE
rate in oz/100 gal.
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Figure 3.16

Experiment 2: Effects of trinexapac-ethyl (TE) on C. „Karl Foerster‟ height
as projected by the regression model. Regression equation for plant height
(cm) is: y = 21.6555* + 0.5145DAT* + 0.1263oz* – 0.02345DAToz* –
0.00387DAT2* + 0.000267DAT2oz*. Slope coefficients followed by * are
considered significant at the P ≤ 0.05; oz represents the TE rate in oz/100
gal; DAT represents days after treatment.

Figure 3.17

Experiment 2: Effects of trinexapac-ethyl (TE) on M. „Variegatus‟ height
as projected by the regression model. Regression equation for plant height
(cm) is: y = 26.1314* – 0.01047DAT + 0.05431oz + 0.007240DAT2* –
0.00360DAToz*. Slope coefficients followed by * are considered
significant at the P ≤ 0.05; oz represents the TE rate in oz/100 gal; DAT
represents days after treatment.
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Figure 3.18

Experiment 2: Effects of trinexapac-ethyl (TE) on P. „Rubrum‟ height as
projected by the regression model. Regression equation for plant height
(cm) is: y = 31.7808* – 0.03149DAT + 0.002641oz + 0.009248DAT2* –
0.00592DAToz*. Slope coefficients followed by * are considered
significant at the P ≤ 0.05; oz represents the TE rate in oz/100 gal; DAT
represents days after treatment.

Figure 3.19

Experiment 2: Effects of trinexapac-ethyl (TE) on C. „Karl Foerster‟ tiller
production as projected by the regression model. Regression equation for
tiller production is: y = 51.3426* – 0.6405oz*; R2 = 0.52. Tiller production
is reported as the difference between tiller counts from 0 – 84 days after
treatment (DAT). Slope coefficients followed by * are considered
significant at the P ≤ 0.05, and oz represents the TE rate in oz/100 gal.
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Figure 3.20

Experiment 2: Effects of trinexapac-ethyl (TE) on M. „Variegatus‟ tiller
production as projected by the regression model. Regression equation for
tiller production is: y = 39.3551* + 0.0611oz; R2 = 0.01. Tiller production
is reported as the difference between tiller counts from 0 – 84 days after
treatment (DAT). Slope coefficients followed by * are considered
significant at the P ≤ 0.05, and oz represents the TE rate in oz/100 gal.

Figure 3.21

Experiment 2: Effects of trinexapac-ethyl (TE) on P. „Rubrum‟ tiller
production as projected by the regression model. Regression equation for
tiller production is: y = 52.1807* – 0.1607oz; R2 = 0.08. Tiller production
is reported as the difference between tiller counts from 0 – 84 days after
treatment. Slope coefficients followed by * are considered significant at
the P ≤ 0.05, and oz represents the TE rate in oz/100 gal.
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Figure 3.22

Experiment 2: Effects of trinexapac-ethyl (TE) on C. „Karl Foerster‟ shoot
dry weight (SDW) as projected by the regression model. Regression
equation for SDW (g) is: y = –10.99776* + 0.63441DAT* + 0.58285oz* –
0.00372DAT2* – 0.03001DAToz* + 0.00024DAT2oz*; R2 = 0.79. Slope
coefficients followed by * are considered significant at the P ≤ 0.05; oz
represents the TE rate in oz/100 gal; DAT represents days after treatment.

Figure 3.23

Experiment 2: Effects of trinexapac-ethyl (TE) on C. „Karl Foerster‟ root
dry weight (RDW) as projected by the regression model. Regression
equation for RDW (g) is: y = –5.99190* + 0.34755DAT* + 0.30177oz* –
0.00223DAT2* – 0.01549DAToz* + 0.00013DAT2oz*; R2 = 0.69. Slope
coefficients followed by * are considered significant at the P ≤ 0.05; oz
represents the TE rate in oz/100 gal; DAT represents days after treatment.
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Figure 3.24

Experiment 2: Effects of trinexapac-ethyl (TE) on M. „Variegatus‟ shoot
dry weight (SDW) as projected by the regression model. Regression
equation for SDW (g) is: y = 4.61013 – 0.13099DAT – 0.05870oz +
0.00597DAT2*; R2 = 0.76. Slope coefficients followed by * are considered
significant at the P ≤ 0.05; oz represents the TE rate in oz/100 gal; DAT
represents days after treatment.

Figure 3.25

Experiment 2: Effects of trinexapac-ethyl (TE) on M. „Variegatus‟ root dry
weight (RDW) as projected by the regression model. Regression equation
for RDW (g) is: y = 16.18065* – 0.67327DAT* – 0.12772oz +
0.01075DAT2*; R2 = 0.74. Slope coefficients followed by * are considered
significant at the P ≤ 0.05; oz represents the TE rate in oz/100 gal; DAT
represents days after treatment.
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Figure 3.26

Experiment 2: Effects of trinexapac-ethyl (TE) on P. „Rubrum‟ shoot dry
weight (SDW) as projected by the regression model. Regression equation
for SDW (g) is: y = –33.23774* + 1.85328DAT* + 0.75778oz –
0.00873DAT2* – 0.04152DAToz* + 0.00033DAT2oz*; R2 = 0.91. Slope
coefficients followed by * are considered significant at the P ≤ 0.05; oz
represents the TE rate in oz/100 gal; DAT represents days after treatment.

Figure 3.27

Experiment 2: Effects of trinexapac-ethyl (TE) on P. „Rubrum‟ root dry
weight (RDW) as projected by the regression model. Regression equation
for RDW (g) is: y = –10.78864* + 0.49033DAT* – 0.04663oz; R2 = 0.81.
Slope coefficients followed by * are considered significant at the P ≤ 0.05;
oz represents the TE rate in oz/100 gal; DAT represents days after
treatment.
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Figure 3.28

Experiment 1: The color rating scale used in P. „Rubrum‟ to document the
effects of trinexapac-ethyl applications on leaf color. Leaf color ratings
were assigned on a scale from 0 to 5 (0 < 10% light red, 1 = 20% red, 2 =
40% red, 3 = 60% red, 4 = 80% red, 5 = 100% dark red). This photograph
was taken on 14 July 2009.
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Figure 3.29

Experiment 1: Photographs showing the effects of two trinexapac-ethyl
(TE) applications on C. „Karl Foerster‟ plant height at 42 days after initial
treatment (DAIT) (A) and 63 DAIT (B). TE applications were made at the
following rates: 0 (0), 15 (15), 25 (25), and 35 (35) oz/100 gal.
Photographs were taken on 23 June 2009 (A) and 14 July 2009 (B).

55

A

B

Figure 3.30

Experiment 1: Photographs showing the effects of two trinexapac-ethyl
(TE) applications on M. „Variegatus‟ plant height at 42 days after initial
treatment (DAIT) (A) and 63 DAIT (B). TE applications were made at the
following rates: 0 (0), 15 (15), 25 (25), and 35 (35) oz/100 gal.
Photographs were taken on 23 June 2009 (A) and 14 July 2009 (B).
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Figure 3.31

Experiment 1: Photographs showing the effects of two trinexapac-ethyl
(TE) applications on P. „Rubrum‟ plant height at 42 days after initial
treatment (DAIT) (A) and 63 DAIT (B). TE applications were made at the
following rates: 0 (0), 15 (15), 25 (25), and 35 (35) oz/100 gal.
Photographs were taken on 23 June 2009 (A) and 14 July 2009 (B).
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CHAPTER IV
CONCLUSION
There has been an increased demand for ornamental grasses in the ornamental
plant market leading to increased production. This study was initiated to increase
ornamental grass production efficiency because this group of plants has received minimal
research attention. The overall objective of this research was to evaluate the effects of
TE on the growth of ornamental grasses.
Generally, TE effects increased over time as the application rate increased
resulting in significant height reduction from the initial TE application at 42 DAIT for all
three grasses. However, a second application of TE 42 DAIT did not increase the effects
of the first application but did maintain the effects of TE on restricting plant height for all
three grasses through the duration of the experiment. A single TE application was
effective at controlling height in C. „Karl Foerster‟ but multiple applications were
required for M. „Variegatus‟ and P. „Rubrum‟. TE can be used to effectively control
height in ornamental grasses, but the level of control is dependent on the plant species
and may require multiple applications.
Tillering was reduced in C. „Karl Foerster‟ due to TE applications, however, tiller
production of M. „Variegatus‟ was increased. In P. „Rubrum‟, tiller production was
unaffected by TE. TE applications overall have limited beneficial effect on tiller
production except for M. „Variegatus‟. TE is not a great candidate for increasing tillering
in ornamental grasses.
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Chlorophyll concentrations were increased in C. „Karl Foerster‟, but unaffected in
the other two grasses. In C. „Karl Foerster‟, TE can be used to increase chlorophyll
levels leading to a more efficient and higher quality plant. However, the red color
intensity in P. „Rubrum‟ was reduced in response to TE treatments and should not be
used without considering the effects on aesthetics and marketing.
SDW and RDW were reduced in C. „Karl Foerster‟ while SDW was reduced in P.
„Rubrum‟, but SDW and RDW were unaffected in M. „Variegatus‟ by TE treatments.
This indicates that while TE reduces cell elongation, TE does not affect the overall
structural weight of the cell. Flower emergence was delayed in both P. „Rubrum‟ and M.
„Variegatus‟ due to TE applications. Depending on the desirability of flowering during
production, TE can be applied to these two grasses to delay flower emergence.
In conclusion, TE provides useful benefits for producing ornamental grasses in
containers. The use of TE can control vertical growth of C. „Karl Foerster‟, M.
„Variegatus‟, and P. „Rubrum‟. However, the level of effectiveness is species dependent.
TE effects on tillering, chlorophyll content, and SDW and RDW were also species
specific and had little beneficial effect for ornamental grass production. Additional
research is needed on the effects of TE on other ornamental grass species before
widespread recommendations can be made for TE use in ornamental grass production.
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